Introduction
We have been engaged in developing high definition autostereoscopic display systems for medical use. For the purpose of medicine, the resolution matters most.
Autostereoscopy, which allows the viewers to see 3D images without wearing glasses, is also preferable because it allows eye-contact among the medical staff.
Recently, several autostereoscopic displays that attain full resolution of the display panel have been proposed.
One way is to use a directional backlight composed of a light guide film and two light sources 1)-3) . The drawback of this method is the fixed viewing zone. To enlarge the viewing zone, directionality of backlight has to be controlled to follow the motion of the viewer, which often requires thick optical systems 4)-5) .
To present a full-HD 3D image to a viewer who moves freely, we have developed two kinds of autostereoscopic displays. One is a 3D display based on time-division multiplexing directional backlight composed of a convex lens array 6)-8) and the other is a 3D display based on time-division multiplexing parallax barrier 10)- 13) . So far we have made several prototype systems based on these two methods. The early models had drawbacks such as low intensity and strong crosstalk. In 2015 we started using the prototype 3D display based on time-division multiplexing directional backlight for the education of medical students. Liversim, which is a software to simulate liver surgeries 14) , is implemented on a 2D display and the 3D display so that they can be compared with each other.
In this paper we introduce the 3D liver surgery simulators we have developed and report the results of the evaluation by the medical students. This paper is organized as follows. In Section 2 the autostereoscopic display based on time-division multiplexing directional backlight is explained. In Section 3 the autostereoscopic display based on time-division multiplexing parallax barrier is explained. In Section 4 the results of the evaluation on the 3D liver surgery simulators based on time-division multiplexing directional backlight are reported. In Section 5 the results of the evaluation comparing two kinds of autostereoscopic displays are reported and the paper is concluded in Section 6.
3D display with directional backlight
The principle of the conventional directional backlight using a convex lens array is shown in Fig. 1 . When dot matrix light sources are placed behind the convex lens array so that the distance between them may be equal to Abstract We present a liver surgery simulator using full-HD autostereoscopic displays. We have developed two kinds of autostereoscopic displays to keep on showing a full-HD 3D image to a viewer who moves freely in front of the display. One is a 3D display based on time-division multiplexing directional backlight and the other is a 3D display based on time-division multiplexing parallax barrier. We have applied the developed simulator using the 3D displays with different specifications to the education of medical students. The result of the questionnaires suggests that 3D visualization is effective and that reduction of crosstalk plays an important role to promote medical use of 3D displays. The first prototype based on this idea was made by using two LCD panels that run in the frame rate of 120 Hz, one for the imaging and the other for the dot matrix light source for simplicity. Ideally the dot matrix light source should be LED arrays for the reason of energy efficiency.
Indeed the first prototype had the problem of low intensity and strong crosstalk, which amounts to 45 %. To overcome the problem of luminance we made a revised system where the backlight is replaced from 63 W LED arrays to 526 W LED arrays.
To solve the problems of crosstalk, we investigated the cause of crosstalk to find out the incomplete timedivision multiplexing and the stray light caused by the lens array composed of Fresnel lenses are the main causes.
As shown in Fig 3, the LCD panels we used in the first prototype scan the image serially, which causes severe crosstalk, for the vertical diffuser mixes the backlight of the odd frame and the even frame. (Here a read image and a green image are shown alternately on the screen.)
When the LCD panels switch the image in a parallel manner by dividing the panel areas, the image of the odd frame and the even frame do not appear at the same time as shown in Fig. 4 . In the second prototype, we used these LCD panels and measured the crosstalk with a luminance meter to find out the crosstalk level dropped from 45 % to 18 %.
The mechanism of stray light caused by the grooves of Fresnel lenses is explained in Fig. 5 . One way to remove the stray light is to narrow the viewing angle of the backlight panel so that the light from a steep angle may be cut. To achieve this we placed a privacy filter on the surface of the LCD panel that works as the dot matrix light source and measured the crosstalk to find out that the crosstalk level dropped from 18 % to 13 %, while the luminance is also reduced due to the addition of the filter.
Time-division multiplexing parallax barrier
In the conventional parallax barrier system, the 
Evaluation of 3D surgery simulator based on time-multiplexing directional backlight
Liversim is a real-time virtual hepatectomy simulation software that provides 4 basic functions:
viewing 3D models from arbitrary directions, changing the colors and opacities of the models, deforming the models based on user interaction, and incising the liver parenchyma and intrahepatic vessels based on user operations (Fig. 7) .
We implemented Liversim on the 3D displays based on time-division multiplexing directional backlight we introduced in the previous section as shown in Fig. 8 . To In the second prototype, a pair of 24 inch TFT panels from Asus VG248 were used for imaging and the dot matrix light control. The same lenses and the headtracking device were used in the second experiment also.
Figs. 9 through 12 show the results of the evaluation by the medical students. As these figures show, the second prototype attains better scores in every question.
Chi-square tests show that improvement is statistically significant where p values are all far below 0.01 in every question.
Also almost all the students answer that 3D is better than 2D and no students answer that 2D is better than 3D in questions 2 and 3 after the intensity of backlight is increased and the crosstalk is decreased as shown in Figs. 10 and 11. Thus the effectiveness of 3D displays for the surgery simulator is confirmed.
Evaluation of 3D surgery simulator based on time-multiplexing parallax barrier
As the result in the previous section shows, reduction of crosstalk improves the evaluation by the medical students. Therefore use of time-multiplexing parallax barrier is expected to obtain better response by the students, for the crosstalk is further suppressed.
To evaluate the 3D surgery simulator based on timemultiplexing parallax barrier, we implemented Liversim on the prototype display system as shown in 
Fig. 12
Responses to Q4 in the 1st prototype (left) and the 2nd prototype (right).
Fig. 11
Responses to Q3 in the 1st prototype (left) and the 2nd prototype (right).
Fig. 10
Responses to Q2 in the 1st prototype (left) and the 2nd prototype (right).
Fig. 9
Responses to Q1 in the 1st prototype (left) and the 2nd prototype (right). for the camera for head-tracking was placed at the bottom of the display for hardware reason, which more often fails to track the face of the viewer. Fig. 17 shows that system A is evaluated higher than system B for practical use, which may reflect the evaluation of lower crosstalk. Fig. 18 shows the actual educational scene where a professor is explaining how the 8 hepatic segments can be distinguished by the branching of blood vessels. As this figure shows, eye-contact between a professor and a medical student is enabled due to the autostereoscopy, which helps smooth communication between them.
Conclusion
In this paper we have presented a liver surgery simulator using full-HD autostereoscopic displays. We 
